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PREDICTION OF LIQUID-VAPOR EQUILIBRIA FROM AN EMPIRICAL
EQUATION OF STATE FOX MIXTURES %

by

George Galloway Dauplaise Town

I. INTROLUCTION

This report sete forth a methed of calculating the equilibrium phaa

boundary for which one needs only an a2quation of state for mixtures and the set
of accompanying constants for cach of (he pure components,

The advent of high speed automatic calculating machines has made
feasible the extensive calculations necessary to determine the pressure,
velume, temperature and ;nole fraction properties of 2 multicomponent system
at the liquid-galeogc phase boundary. Connolly, Frankel, and Sage1 have
developed a methou of determining the phase boundary “itilizing the International
Busineas Machine Electronic Calculating-Punch 604. Tkis method, however,
uses experimental data as initial gueeses, making a calculation, and then
pruceeding in an i\terative prccess. The data is available for only a relatively

few of the pussible systems and therefore the methcd is of limited applicability.

b

T. J. Connnily, S. P. Frankel, and B. H. Sage, Report No. 3036,
American Documeniation institute, Washington. D. C., (1951).

* This work was carried out at the University of Wisconsin Naval Research
Laboratary under Coniract N7onr-285ii wiih the Office of Naval Resgearch.



S S VIR

WIS-ONR -4
August 25, 1%53

“

-

2

I1. THECRY

It has heen shown by the arguments of thermodynamics?‘ that tha

necessary and suificient conditions for equilibrium are:

Peo = Py,
G * TG (1)

/UiG:/aiL i =1,2, ...0)

Where:

P is ike pressure cf the phase.
% T is the temperature of the phase.

M; is the chemical potential of the ith component.

The subscripts G and L refer to the gasecus
and liguid phages respectively.

From this sec of equations the P-V-T and mole fraction properties of the
liguid and gaseous phases a! the boundary can be uniqueiy determined if an

equaition of state for mixtures is assumed, the chemical potentizi being

s 7 3
evaluated from the equation of state~.

The particular equation of state used was that devised by Benedict,

Webb, and Rubi.rx4. The form of the equation given below refers to one mole

- - i =

2

J. W. Gibbs, "“Equilibrium cf Heterogenecua Substances!', Collectcd Works,
1, 56, Longmnan, Green z2nd Cc¢., New York, (1928).

J. A. Beztiie, Phys. Rev., 36, 132 (1930).

M. Benedict, G. B. Webb, and 1. C. Rubin, J. Chem. Phys., 8, 334,
| (1940}; 10, 747 {1942). =
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ie the pressure in atmospheres,

is the gas constant,

is the temperature in degrees Kelvin,

is the density in mole per liter.

b the constants {or the pure components - B

§t

i

i Ya, 3
iZj X% (Bo; "+ By ")

Va 2

T

;txiAoi )
(= x;Coi )
foxb, Ay

— . I'/;\‘ 3
-3

e

PRS- S TR TR Vet
N e ~ N,

e S

» F
RTd 4 (B KT - &_'- Cosz)d" + (bRT - a)a®

The constants ~Bg .Ao. Cgs B, a, c, A , ¥ - are determined from

ot* “fpir Coi0 Bys a3, €,

- and their respective mole fractions (x;} in the foilowing way‘t:
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The chemical potential determined using cquatxon 2 is:

s = 18+ RT Infdx RT) + d{RT Tx [(Bo) % + (Bo) T’

~2[A, (A" - 2/ THC €] %)
+3 d*[RT (b2)? - (a? o-)’”
+%d° fq(a( ai )"+ o (e a\‘;"‘j
D(Ca 2 E !_e-rt\“ e-fda {4)
—Tl__ L 7a 12 - Tz

CAT £
— .:.-QP dzr j—e % _ e =1 _ re = *°
Y e 23

in which X io is the cherical potentiai of the ith component at P, and T, of
the atandard state.

A i' » defined below, was used in the calculations and gives 'the

deviations from ideality of the pariicula: sysieis:

Moo= = -RT In (RT) (5)

{ STUDIED AND METHQOD

The binary svsiem i n-heptane {ccmponent 1) and nitrcgen (componont 2)
was investigated. The sets of constants used ior the pure substances are listed
in table 1. The mole fraction of n-heptane is designated as #x' and the mole

iraciion of nitrogen as ‘il - x¥ since:

};xi =) $x = 1l; @) {6)
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ants for nitrcgen and n-Heptane used in the Benedict-
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To soclve the set of equations:
= 7
T, T, (7N
= P 85
Pa L (8)
/ ’ .
Hig = ML €9)
/ s ey mS
Hag =421 (10}

T and P were chosern equal 2cro2s the phase boundary. The pzir of mole
fractior of n-heptiane (xG and xL) which satiefy equation (3} and (10) at
the given T and P were determincc by the method of repeated plotting on a

) as functions of x- and Xy .

B LR R e L

Q1

larger scale’ of }4/ and M7 (of hoth phase

2

Sei= of x's were chosen [ Loth the Liquid aind vapar phases which bracketed

3 3 4 ;
the answers. These x's were then used to compute /“l aand }lg for the

P and T uander consideratici:. The approximate sclution of {he simultaneous
equations was determined {Tom the graph by inspection. These values of x
and x; were then ueed to chuusze seis of more closely spaced x's which we

. ’ rd . —— .
in tuen usad to evaluate the }4’1 and 7 2t ths ~ives Foand T, Figure )

% 55

BnOWS tne 1231 approximation t¢ X~ Ao 2, si 498, 130 and 100 aims.

e p——
t

! Z { '.' . 3 3y . & 2 B - -
L 1 and M., were cajcuiated with the «:d oi the lniern~ijocnal Business
Machine Modei 1 Card-Programmed Electionmic Calcuiator for a given x, P and

-1

T irim egiatiens (Z), (%), and (4) . The prograraming deck of cards used in

o

b Wtk

PHE LT Y

b
the caleculator first determired ¢he Zoncits (25 {30 equations (Z) and {3) by
£
(~]

! four itavotisne o1 the Newlon Raphoon wetnc2™ This value of 2, along with
$
; » 3 - ’
i the given % and T, was theu used to determine M7 and M7 -~ ciuations
: ¢ 2
t (3) and (4).
i 7
1 J. B. Scarberough, Nume rical M?t"'reﬁ*:fxt:':al Aralyeiz, p, 190. The Johns
! Hopkins Press, Baltimore {1950},
#
5 o
2 o 0
; Ibid., p. 203.
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IV. RESULTS AND DISCUSSION

Four temperatures were investigated: 298. 130'.’{, 373. 13°K, 448.13°K,

and 428. 13°K. The results are plotted in figure 2 and listed in table 2, The

gl

results at 298, 13°K were compared with the experimental results of Palmer,
Hirschielder, and Boyd at 255.6 Kq. The comparisors, listed in tahle 4,
were made by plotting in (x) 2s a function of 1/T for a particular nressure
and extrapolating to 1/295. 6°K. The probable error of :he calculated X6
compared to the experimental results is 0.004. Thke experimental results of
Boomer. Johnson and Piercey for the n-heptane»‘nitrcgex.q system are in
disagreement with the results of ihis work, The mole friction of n- heptane
in the vapor phase at 298. 13°K obtained by Boomer, Johnson and Px.erceylo WAas
8.0104 as compared to 8.00216C for the calculated result.

The range of reliability of the calculated x, at 298. 12°K is from 30 to
250 atm. This limitation is caused by eguation (a) failing av densities greater
than twice the criticai density. This failure is the reason thai the upper portion
of the log P versus log x carve could not be closed and the gas portion of this

11

curve could not be extrapolated to the experimental vapor pressures” " ¢f n-heptane

? . &. Paimer, J. ©O. H.rschfelder, and C. A. Bovd, Univeraitv of Wisconein
Naval Research Laboratery, CM-702Z (1952).
&4

E. H,L Bocmer, C. A. Johnson and A. G. 4. Piercey, Can. J. Res
i6B, 396 (1938).

S. Young, J. Them. Soc., 73, 675 (1898).
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The results of the calculations for the phase boundary of niircgen and n-heptane

P (atm) Xg x 100 X, x 100

10

30

50

70

500

€00 -

8.703

4.392

0.9414
0.5131
U.2402
G.2002
0.1966
G.2160
0.2862
0.3246

0.3923

0.6973
1.090
1. 489

i.810

L

99.974

99.922

0
(¥}
Po=t
0

98. 38
95.16
91.9¢
83. 85
84. 20
76.56
73.52
£€9.00
61,60
54. 45
42.45
34.85

30. 88

dG dL (l-atm,"mele) il-atin/zmale)
298.13°K

0.008186404 6.68404 -155,313 -123.7%0
0.620456330 6.68€110 -155, 294 - 97.38
0.040610 6.6893 -185.23 - 79.33
0.20470 6.716 -154, 72 - 35.11
0.40981 6.749 -154, 24 - 22.07
1.23272 6.883 -152.02 4. 79
2.05560 7.02%8 -149.79 17. 22
2.87149 7.1458 -147.53 25. 44
4.07868 7,583 -144,12 34.16
5.99793 1.777 -138. 31 44, 20
6. 72485 7.945 -136. 35 46.97
7.76493 8.209 -132.43 51.49
9.35527 8.682 -126.45 57. 34
10.76187 3.197 -123, 39 62. 31
13.04954 10. 250 -107.96 70.653
14, 7440 il.1495 - 95,01 77.760
16.0136 11. 806 ~ 81,50 84.13
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P (atm) o x 160 X; x 100

1
2 55, 10 99.812
3 37.43 99. 61
5 23.06 99, 21
10 12.20 98. 20
25 5.670  55.185
50 3.612  90.18
70 3.113  86.17
100 2.804  80.14
150 2.957  ¢9.88
200 3.355  59.25
250 4.621 48,19
300 5.003  37.11
250 £.568  26.82
400 10. 5 16.0
;

TABLE 2 (continucd)

My
dg dy, {l-atm/molej
373.13°%
0.0675290 £.93204 -104.3013
G. 100408 5.93887 -104,197
¢.10626 5.6525% -102 38
$.33029 5.9869 -103.45
g9.8390 6.119 -101. 84
1.63033 6.2740 - 69,142
Z.2681 6.427 -~ 96.98
3.20432 £,6760 - G3.73
4.699 7.117 - 88. 33
6.1001 7.634 - B82.95
7.3980 §.232 - 77.64
8.584 £.907 - 72,410
9.6445 9.635 - 67.215
10.35z6 10. 451 - 61.96
e, Eay T

’

} -

2
{l-atm/mole)

-107. 30

14,31

24.94

346,24

49. 24

58.67

66.17

TL.478

78.0073

82.90
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P {atm} X~ x 100 X_ x 190

[+ -]

10

12

15

20

50

1560

110

115

68.90

59, 31

49. 39

32.90

20.28

39.98
42.08

44, 66

98. 420

89.20

64.91

60. 28

TABLE Z {continued)

0.25804 5. 16577
0.31428 5, 17830
0.37042 5.19094
0. 45456 5.210
0.7343 5. 2740
1.4272 5.4382
1.9745 5.574
2.7827 5. 484
4.099 6.153
5,415 6. 480
6.014 6.506
498. 139K
0.68550 4.499]
1.509 4.625
2.93%9 2,695
3. 3545 1.606
3. 6458 4.4687
Wi

2 ”
{(1-atn/mole} (l-atm/mole)

Vd

70. 850

70. 643

- 76,435

1

70.120
69.08
66. 49
64, 40

61. 31

- 52.830

49. 89

A A £
© "R2, 02

43,8314

- 43,3573

e 2 e

g e e e

/

-144.9

~102. 8

- 70.05

b

54. 40

~ 26.15

34.
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: TABLE 2 '
¢ Vaper Pressure of n-heptans
T°K Pressure (atm.) Il
298.13 0.0612 !
373.13 1.046 i
448.13 6.099 !
498.13 14. 328

TABLE 4

Comparison of calculated x,. with the experimental results
of Palmer, Hirschfelder, and Boyd at 255, 6°K.

P (atm.) Cal. XG > 100 Exp. X X 1006
150 0.258 g.255
100 0.194 Ga9s
. 70 9,178 0.180
_ 50 0.179 0.184
;
30 0.217 0.227

HRa T Y
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as the other curves do.

The graphical method «{ soiution deveicped could be used to obtain
any degree of precision desired, butf this would not be practical. Rather
the resuliis of ihr graphicai method would be used as the initizl gussses in an
itersiive method such as the Newtcn-Raphson method for simultaneous equations.
However, due to the limited accuracy ui the Benedici-Webb-Rubin equaticn of

state such extensive calculations are not warranted,

V. CONCLUSIONS

The following conclusions can be drawn [rom this work:

1. A& practical method has beer developed by which one
can determine the pressure-mole fraction curve of
the liquid-gaseous phase boundary for a given temperature
f~rom an empirical equa2iion of state,

2. The calculated resulls irom our eguation of siate,
using the constants of the pure “omponents in the equation,
are in agreement with the experimenial results of Palmer,
Hirgchielder, and Boyd, but are in disagreement with the

experimental resuits of Boomer, Johnson and Piercey.
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